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Abstract. Bunched and multi-circularly wrapped carbon nanotubes (CNT) are observed to grow on alloy
substrates based on iron group metals and copper by a microwave enhanced hot-ﬁlament method with
a dilute gas of ammonia at a proper RF self-bias. The grown size of CNTs embodied in the grain sizes
of conducting bulk alloy catalysts such as Cu-Ni, Cu-Fe, Cu-Co, and Cu-Ni-Fe-Co are controlled by a
precursor time of hydrogen plasma etching. Species with diﬀerent structural features and homogenization
of CNTs samples are produced crucially attributed to various reactant gases and self-bias induced by the
radio frequency ﬁeld.
PACS. 81.05.Uw Carbon, diamond, graphite – 81.07.De Nanotubes – 61.46.+w Nanoscale materials:
clusters, nanoparticles, nanotubes, and nanocrystals
1 Introduction
Most existing substrates for growth of carbon nanotubes
(CNTs) by chemical vapor deposition (CVD) process are
silicon wafers deposited of a thin ﬁlm of transition metal
catalyst on which carbons are dissolved and precipitated
in hexagonally packed graphite on the cooling surface
side. Diﬀerent ways for producing CNTs possess diﬀer-
ent genetic characters, such as single wall, multiple wall,
conducting and semi-conducting, etc. that are important
items of research required in industrial applications of
CNTs. Nowadays, it has not yet come to a conclusion
about the real growth mechanism of CNT [1–10], even
about how to adjust the size and growth density [11] and
to improve structural qualities of CNTs.
The growth mechanisms of CNTs by CVD process re-
ported in literatures [2,12,13], delineate the important
size eﬀect of catalyst nanoparticles on production qual-
ity and quantity of CNTs. The size of catalyst nanopar-
ticles deposited on substrates has a deterministic eﬀect
to produce single wall nanotubes (SWNTs). It is recog-
nized that nanoparticles of iron group metals can dissolve
more carbon elements and reduce the melting tempera-
ture. The supersaturated carbons are precipitated at the
cooled contact side in corporation of curvature-induced
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surface tension. Buﬀat [14] and Gorbunov [10] reported a
maximum catalyst size of 10 nm and 100 nm, respectively,
for successful growth of single wall CNTs.
The arc discharge method [15] has advantages of mass
production and an inexpensive installation while requiring
laborious puriﬁcation due to tremendous products. Laser
ablation [5,16] illustrates a production of high quality
CNTs with a low yield and expensive equipments. Com-
bining the catalyst method [17] and the CVD method [18]
have become the main thrust of growing CNTs because
the catalyst method can strengthen the growth and the
CVD method can improve the upright alignment and sim-
plify the manifold products.
In this work, we grew CNTs on bulk-alloy substrates
to verify the vapor-liquid-solid (VLS) growth model. In
this radio-frequency hot-ﬁlament chemical vapor deposi-
tion (RFHFCVD) method [19], the reactant gases were
ﬁrst dissociated by the microwave ﬁeld before entering
the chamber ensuing that CNTs can grow densely from
catalyst particles (∼1 µm). In replacing deposition cat-
alyst ﬁlm on silicon surface, we implemented substrates
made by polished Cu-Ni and Cu-Ni-Fe-Co bulk alloys with
the assistance of a radio frequency (RF) induced self bias
to grow well-aligned carbon nanotubes that potentially
can be exploited as electron emission [20] tips privileged
with easier manipulation. Bunched and multi-circularly
wrapped carbon nanotubes were observed to grow on
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alloys of iron group and metal by microwave enhanced
hot-ﬁlament method with a dilute gas of ammonia at a
bias of −200 V induced by RF ﬁelds.
2 Experiments
Copper based iron-group alloys (e.g. CuMx where M can
be Fe, Co, or Ni; with the contents of Fe to be 10 wt%,
Co to be 10 wt%, or Ni to be 10 wt%, respectively) were
arc melted in vacuum furnace, polished, and wire cut into
small pieces of size 10× 5× 0.5 mm3. The total gas pres-
sure was kept at 3 torr and the gases were pre-ionized by
a microwave ﬁeld before entering into the reaction cham-
ber. The substrates installed under the hot ﬁlament was
kept at temperatures near 850−950 ◦C depending on the
distance between the ﬁlament and the substrate [19]. A
13.56 MHz rf source was installed to generate a nega-
tive DC self-bias of 0−600 V at the substrate. Prior to
CNT growth, the substrates were hydrogen plasma etched
with H2, at ﬂow rate of 80 sccm, total pressure of 1 torr
and RF induced self-bias at −200 V, for 5−10 minutes.
The carbon source gas CH4 and the dilute gases H2 or/and
NH3 were fed with a ﬂow rate ratio of 3:4. After the work-
ing pressure of 3 torr had been established, the microwave
(MW) power was turned on to pre-ionize the reactants. A
high yield of CNT growth was fabricated on oxidized metal
alloy. To show diﬀerent reaction gases resulting in diﬀer-
ent growth mechanisms that produce diﬀerent structural
outlook of CNTs, we will discuss the fabricating results
with and without ammonia implemented for the reaction
gas.
The CNT growth evokes at a substrate temperature
of 850 ◦C (ﬁlament at 1550 ◦C) and the ﬂow rate of
CH4 gas was increased to 60 sccm. A self-bias -bias that
is greater than −450 V is crucial to grow aligned MWNTs
perpendicular to the substrate surface. The growth time
was 20 minutes after the ﬁlament temperature was stabi-
lized. For growth time longer than 20 minutes, the poi-
soning of the catalyst is serious. The morphology and
microstructure of the grown samples were checked by a
JEOL 6500F scanning electron microscope (SEM), and
the wall types and bonding strength were examined by a
micro-Raman and a high-resolution transmission electron
microscopy (TEM).
3 Results and discussion
It is shown clearly in Figure 1a, that on the hydrogen-
plasma etched surface of Cu-20 wt% Co alloy substrate,
nano-particles of average size 250 nm were presented.
Much small particles of size 110 nm for the hydrogen
etched Cu-20 wt% Fe alloy substrate are dictated in
Figure 1b. A tedious experiment as shown in Table 1 re-
veals that the increase of particle size with etching time
is the same for all alloy substrates (e.g. around 50, 110,
300 nm particles are produced after hydrogen etching time
(a) 
(b) 
Fig. 1. SEM pictures of hydrogen plasma etched surfaces for
(a) Cu-20 wt% Co, and (b) Cu-20 wt% Fe bulk alloy substrates
showing catalyst particle size of 200−400 and 100−120 nm,
respectively, after hydrogen plasma etching for 30 and 10 min.
Table 1. Grain sizes of catalyst particles dependence on hy-
drogen etching times.
Time (min) 5 10 30
Particle size (nm) 20–70 100–120 200–400
of 5, 10, 30 min, respectively), resulting from a rearrange-
ment of surface atoms by a prolonged hydrogen bombard-
ment. Thereby, the hydrogen etching time selects the size
of catalyst particle that readily controls the diameter of
the grown CNTs.
Reducing the hydrogen etching time to 10 min, the
CNT growth evokes at the inlet of CH4 gas. The sub-
strate temperatures and proper CVD growth conditions
revealing diﬀerent results as shown in following ﬁgures are
dictated in Table 2. Figure 2a depicts a SEM micrograph
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Table 2. Conditions for CNTs growth.
Conditions Exp. A Exp. B
Figure No. 3 4 5 6
Substrate (a) α (b) β Γ γ β
Hydrogen etching
(min) 10 5 5 5
Substrate temp.
850–950 ◦C • •
H2: 80 sccm • •
CH4: 60 sccm • •
NH3: 60 sccm •
Reaction pressure:
3 torr • •
R. F. self bias (V) –200 –450 –50 –450
Reaction time (min) 5 15 15 15
α = Cu-20 wt% Co
β = Cu-20 wt% Fe
γ = Cu-10 wt% Fe-10 wt% Co-10 wt% Ni.
for CNTs grown at conditions of ﬂow rates of CH4:H2 =
3:4 sccm, substrate temperature of 850−950 ◦C, total re-
action pressure of 3 torr, and a reaction time of 5 min.
For CNTs grown on the Cu-20 wt% Fe alloy substrate
with 10 min. hydrogen etching, the tube diameter is of
the same size as that of catalyst particles around 110 nm
indicating a tip-growth mode as shown in Figure 2b. An
electron probe X-ray micro-analyzer (EPMA) examined
the elements contained in the tip portion. The result
within the background information of carbon element is
appraised in Table 3. Apparently, the quantity of the cop-
per element is much more than other elements attributing
to the involved eﬀect from the detecting of copper net that
stores the sample. The enrichment of iron contents is ow-
ing to the initial composition of the alloy. The tungsten el-
ement is contributed from the sublimation of the ﬁlament
at the reaction temperature 1550 ◦C that forms a stable
tungsten carbide. The catalyst alloy performs melting, dis-
solving carbon, precipitating carbon to elongate the tube,
and then sucking inside the tube adducing the vapor-
liquid-solid (VLS) growth model. The pictorial view of
the VLS model growth mechanism is shown in Figures 3a
and 3b, respectively, for the presence of pure hydrogen
and coexistence of ammonia. Figure 3-(1) shows hydro-
gen etching on surface, and Figures 3a-(2) and 3b-(2) rep-
resent nano-catalyst particles formed and rearranged on
the alloy substrate surface after hydrogen etching. Nano-
catalyst particles dissolve carbon atoms are dictated in
Figure 3a-(3) while carbon atoms are precipitated and lift-
up as shown in Figure 3a-(4). This sophisticated growth
mechanism addresses that the liquefaction of catalyst par-
ticles is diﬀerent from the conclusion of Buﬀat et al. [14]
who illustrated that metal particles must be less than the
size of 10 nm, while our result is in comply with the con-
clusion of Gorbunov et al. [12] expressing the catalyst size
window of smaller than 100 nm.
(a) 
 
(b) 
Fig. 2. (a) SEM micrograph of CNTs grown for 5 min on a
Cu-Fe substrate with a precursor of hydrogen plasma-etched
for 10 min before CNT growth, (b) TEM bright ﬁeld image
for a typical CNT grown showing the round-ﬂat tip and the
presence of catalyst particle on tip.
The real growth result as shown in Figure 4 conﬁrms
the controllability of diameter of CNT at the growth con-
ditions as shown above except changing the growth time
to 15 min and RF self-bias to −450 V with the alloy sub-
strate composed of Cu-10 wt% Fe-10 wt% Co-10 wt% Ni.
Samples prepared in diﬀerent conditions (see Tab. 2) re-
sult in diﬀerent characteristics as shown in Figures 3–5.
The CNTs are about 3 µm long, and grow evenly and
upright precisely on the dendrite. On the right side of
Figure 4a where the dendrite density is higher attributing
to the hydrogen etching of a higher concentration of iron-
based elements (Fe, Co, Ni) illustrates ﬂourished growth
of CNTs. On the left part of Figure 4a where the den-
drite concentration of catalyst is about 50% lower than
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Fig. 3. Pictorial pictures showing mechanisms for CNT growth for dilute gas in (a) pure hydrogen, (b) hydrogen and ammonia.
Substrates are etched at steps (1) and (2) to produce nano-structured surface as in (3). Tip growth is shown in (a)(4). Aligned
and bunched CNTs are shown in (b)(4).
Table 3. Element concentrations inside the tip of CNT.
Element Intensity Element Atomic
correction (%) (%)
Fe (K line) 1.121 19.53 32.56
Cu (K) 1.069 27.83 40.78
W (M) 0.690 52.64 26.66
Total 100.00 100.00
that of the right part as examined by the EPMA showing
the CNT growth rarely. The CNTs are uniformly grown
with diameter of about 70 nm as shown in Figure 4b.
The catalyst nano-particles are embedded on the tips of
CNTs adducing the VLS growth mechanism as addressed
in Figure 3a.
To illustrate diﬀerent growth mechanisms arising from
diﬀerent reaction gases, we found a pompon-like CNT
as shown in Figure 5a for the growth on Cu-10 wt%
Fe-10 wt% Co-10 wt% Ni alloy substrate with the dilute
gas H2. The tube diameter is about 20−70 nm diameters
with a length of several µm and piles up in randomly ori-
ented. The TEM image as shown in Figure 5b reveals a
bamboo-like with multi-layered walls, which are lacerated
at the tube tip.
Figure 5c shows a typical Raman spectrum of MWNTs
indicating two characteristic peaks. The G-line peak
at 1580 cm−1 corresponds to the high-frequency Raman-
active E2g mode of graphite. The strong and broad D-line
at 1350 cm−1 and a weak D′-band at around 1621 cm−1
was sophistically attributed to disorder-induced carbon
features arising from ﬁnite particle size eﬀect or lattice dis-
tortion [21–23]. Another prospect of the origins of D-line
H.Y. Miao et al.: Growth of bunched and multi-circularly wrapped carbon nanotubes on alloy 157
(a) 
 (b) 
Fig. 4. SEM of (a) well aligned and ﬂourished growth of CNTs
on a Cu-10 wt% Fe-10 wt% Co-10 wt% Ni bulk alloy substrate,
and (b) exaggeration of the right part of (a) showing upright
tubes embed with catalyst particle at tips.
is attributed to defects in the curved graphite sheets, tube
ends, and ﬁnite size crystalline domains of the tubes [24].
This reveals that, in the structure, defect elements of
graphite layers are more than perfect elements, and which
is the main cause making the proﬁle and the structure
not been sharp. These structural qualities are in comply
with those reported by Dillon et al. [25] grown by thermal
CVD method.
With the inlet of ammonia gas, the growth on
Cu-20 wt% Fe substrate reveals a thick layer of cotton-
like substance. The outlook is a blue-purple, ﬂuﬀy struc-
ture with a thickness more than 3 mm. The SEM image
as shown in Figure 6a illustrates an extremely delicate
ﬁlament of 500 nm in length. We can juxtapose the elec-
tron diﬀraction and morphology of the HR-TEM as shown
in Figure 6b. The inset shows weak diﬀraction rings due
to embedded polycrystalline carbons and each spot com-
posed of ﬁve parts arising from tubes of diﬀerent sizes.
It clearly indicates the chiral structure and the tube di-
ameter of about 25 nm with longitudinal black-and-white
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Fig. 5. CNT growth on Cu-10 wt% Fe-10 wt% Co-10 wt% Ni
alloy substrate with H2 as the dilute gas for (a) SEM showing
curved, randomly oriented with furry shape, (b) the TEM im-
age showing forked branch with open end, and (c) the corre-
sponding micro-Raman spectrum.
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strips of 0.29 nm in width. As counting from the point of
white arrow, repetitive ﬁve-layers of tube-body-like car-
bon atoms follow two-layers of wall-like with a canted
angle between wall and body being 45◦. It is similar
to a chiral tube as reported by Dresselhaus [26]. There
are 7−8 chiral tubes present throughout the whole cross-
section. Figure 6c sketches the juxtaposition and overlap
of tubes enabling the existence of wall layers and cant-
arranged atoms. Apparently, the reports of Dresselhaus
yield succinct recapitulation to the projection of single
tube and single wall tube. However, there are exceptions
in this study where many extremely delicate tubes accu-
mulate in a bundle.
The Raman spectrum as shown in Figure 6d indi-
cates that the intensity of G band is obviously higher
than D band which also occurs a shoulder at 1620 cm−1
implying a structure of graphite layer. Whereas the se-
lected diﬀraction pattern as shown in Figure 6b reveals
a hexagonal close packed (HCP) pattern of multi-tubes
and a strong ring caused by carbon gel on copper net
in accompany with two vague concentric-rings meaning
that the amorphous carbon layers are still remnant in
the sample. In this scenario single and multi-wall car-
bon tubes are accumulated in bundles embedded with
amorphous carbon between tubes. This “carbon nano-
polytubes” (CNPT) are expected to have the best hydro-
gen storing for CNTs for their pure physical process as
reported by Frankland et al. [27]. All the above supposi-
tion mainly base on the electron diﬀraction pattern and
the coronal of TEM images. Really it is not a one-to-one
relation between the diﬀraction pattern and the real ob-
jects. To conﬁrm the correct structure, we endeavored to
analysis the tedious high-resolution TEM images of the
cross-sectional view of the sample. To stand up the ob-
served CNT tube on the copper net, we generously use
a tungsten needle of 2 µm diameter to pick up one CNT
tube dissolved in alcohol solution and to prick the copper
net carefully. This tedious experiment of the HRTEM as
illustrated in Figure 6e for the solid cross-section of a bun-
dle reveals the well-arranged concentric strips. The inset
indicates white-background black-centered little hexagon
spots at the exaggeration position of the arrowed point.
The diameter of these spots is about 0.53−1.25 nm with
singled, or doubled tubes bunched together. At the cen-
ter part of the cross-section appearing in gray, more tubes
accumulated with closer wall-to-wall resulting from fewer
amorphous carbon embedded than those at the periphery
parts.
The HRTEM as shown in Figure 6f illustrates a multi
wrapped bundle of CNT for the sample deposited at sub-
strate temperature of about 50 ◦C lower than that of
Figure 6e. Since the column is inclined at about 15◦ to
the electron beam, we can see simultaneously the col-
umn and the cross-section. Concentric strips constructed
by about 53 layers of about 46.7 nm in diameter and
about 0.44 nm in thickness per-layer are seen. The pop-
ulation for the growth of thick-wall carbon nanotubes
(TWCNT) to that of CNPT is about at a ratio of 1:3.
The growth mechanism of CNPT and TWCNT can
be addressed pictorially as shown in Figure 3b. Cata-
lyst atoms contained in the alloy substrate were evapo-
rated by nitrogen ion bombardment forming misty vapor-
and-liquid nanoparticles on the substrate as shown in
Figure 3b-(3). As CH4 and NH3 are introduced into the
chamber, due to the higher electro-negativity of nitrogen
ions than those of other reactive ions, the N ions inten-
sively attract catalyst atoms and carbon atoms to combine
together resulting in so-called “scooting” eﬀect as reported
by Thess et al. [5]. The diﬀerence between CNPT and
TWCNT growth depends on the concentration of N atoms
in the reaction area. The higher nitrogen concentration the
more carbon atoms are attracted implying the growth of
CNPTs. The lower the concentration of N atoms the larger
the distance between C atoms resulting in the favoring of
TWCNT growth.
4 Conclusion
In this work, the magnetic copper alloys were implemented
as the bulk substrates to growth CNTs. The sizes of nano
catalyst particles can be controlled by the precursor time
of hydrogen plasma etching. This size aﬀects the formation
structure of the grown CNT. High negative bias induced
by RF is crucible to grow well aligned nanotubes. With the
introduction of ammonia in accompanied with hydrogen
as the dilute gas, we can obtain better structural quality
of CNTs in the presence of bunched tubes and multi-wall
wrapped tubes that are expected to be eﬀective for hydro-
gen storage.
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